Creative Commons Attribution-Noncommercial-Share Alike 3.0 that is, one with similar surface energy properties to those of the hydrate. A reduction in hydrate adhesion strength by more than a factor of four when compared to bare steel is achieved on surfaces characterized by low Lewis acid, Lewis base, and van der Waals contributions to surface free energy such that the practical work of adhesion is minimized.
Introduction
The most recent world energy outlook predicts that energy demand in 2035 will be 36% higher than in 2008. [1] The Department of Energy and the oil and gas industry are looking at ultra deep-sea exploration as a next frontier for meeting these increasing global energy needs.
However, many challenges need to be overcome before drilling and production at greater depths becomes economical. One pressing challenge is the formation of natural gas hydrates in oil and gas pipelines. [2] Hydrates are crystalline structures consisting of a lattice of water cages that entrap hydrocarbon molecules at elevated pressures and low temperatures. [2] Hydrates can plug oil lines, forcing operations to stop until they are removed, and in some extreme events, can pose safety issues by forming a projectile within the line if subjected to large differential pressures. [3] Recently, hydrates were a key reason for the failure of the containment box approach to oil recovery after the recent Gulf spill. Hydrates clogged the opening of the box near the sea floor, preventing oil from being siphoned to boats on the surface. [4] Current methods for hydrate mitigation focus on the use of chemicals to shift the equilibrium hydrate formation curve to higher pressures and lower temperatures, using kinetic inhibitors to slow the growth of hydrates, and insulating or heating the pipeline walls. [5] [6] [7] The costs associated with these methods and with lost oil and gas production due to hydrate plugging can run into billions of dollars (more than $200 M USD is spent annually on hydrate inhibiting chemicals alone [3] ). Furthermore, these methods are energy intensive and environmentally unfriendly, and alternative approaches to reduce hydrate adhesion are of great interest.
In this paper, we study a new approach for preventing hydrate plug formation: reducing hydrate adhesion strength to surfaces using functionalized coatings. We develop a fundamental understanding of hydrate adhesion as a function of surface energy properties and provide tools for straightforward design of low hydrate adhesion surfaces, i.e., "hydratephobic surfaces". The approaches laid out in this paper could provide a pathway to develop hydrate-phobic coatings for enhanced flow assurance and enable oil and gas production from ultra-deep sea reserves.
While hydrate nucleation and formation have been described in the literature [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] , there are relatively few studies on hydrate adhesion. Most adhesion studies to date have used a micromechanical adhesion testing apparatus to measure adhesion forces between hydrate particles, or between hydrate and ice particles. [17] [18] [19] [20] A few investigations have examined the effect of surface wettability on capillary forces between hydrate particles and surfaces. [21, 22] These studies concluded that the deposition of hydrate particles from the fluid bulk onto the pipeline wall is unlikely, because the capillary forces involved are insufficient to maintain adherence of the hydrate particles under flow conditions. However, much higher adhesion forces were reported for hydrates that were grown directly on a surface [21] , indicating that hydrates that form on pipeline walls would likely remain adhered under hydrodynamic forces and providing evidence that their adhesion is governed by forces other than capillary forces.
The effect of wettability and surface energy on the adhesion strength of gas hydrates that form directly on a surface has not been explored. In this paper we systematically investigate the effect of wettability and surface energy on hydrate adhesion strength.
This work was inspired by numerous studies of the relationships between water wettability and ice adhesion strength that were summarized in detail in our previous work on ice adhesion [23] and are briefly described here. Petrenko and Whitworth compiled ice adhesion strength and water contact angle data from several research groups on a single plot and found that while ice adhesion strength generally decreased with increasing water contact angle, significant scatter was present in the data. [24] We expanded upon this work by investigating relationships between ice adhesion strength and various measures of water wettability on surfaces with varying chemistry, [23] and reported a strong linear correlation between the practical work of adhesion for liquid water, which is calculated from receding contact angles (i.e. W water,rec a = γ water (1 + cosθ rec ) ), and ice adhesion strength. Furthermore this correlation passed through the origin, suggesting that the water parameter (1 + cosθ rec ) is physically meaningful for ice adhesion. The importance of this result is that simple measurements of receding contact angles of water droplets on substrates become a powerful tool for the design of ice-phobic surfaces.
Here we follow the methodology of Meuler et al and measure tetrahydrofuran hydrate adhesion strength on surfaces with a range of wettabilities. We find that hydrate adhesion strength decreases with surface energy and can be predicted using the practical work of adhesion of a suitable probe fluid. These studies provide valuable insights into the systematic design of hydrate-phobic surfaces.
Experimental

Adhesion testing methodology
Tetrahydrofuran (THF) hydrate is used as a model system because THF is completely miscible in water and forms hydrate at atmospheric pressure and temperatures below 4.4 ˚C for a solution of 19.1% THF (by weight) in water [25] . THF hydrate adhesion is tested using a custom-built adhesion testing apparatus housed in a glove box containing a nitrogen environment. A solution of 19.1 wt.% THF in DI water is poured into glass cuvettes and frozen to the test substrates using the protocol shown schematically in Fig. 1 (modified from reference 23). The liquid columns were frozen for 2 hours at -15 ˚C to yield an array of hydrate columns encased in cuvettes and adhered to the test substrates. The substrate temperature was monitored using a thermocouple attached to the top of one of the substrates.
To minimize frost formation on the test substrates and apparatus, the relative humidity was kept below 5%.
The force required to detach each hydrate column from its test substrate was measured by driving a 12 mm wide wedge-shaped probe head of a force transducer (Imada, model into contact with the side of the hydrate-filled cuvette at a constant velocity of 1 mm s -1 and continuing to drive the probe forward until the hydrate breaks free from substrate. Hydrate adhesion strength was obtained by dividing the measured maximum force with the crosssectional area (1 cm 2 ) of the hydrate-substrate interface established by the cuvette size.
Fracture was observed to be predominantly adhesive, that is, no hydrate film remained on the surfaces after adhesion testing. The base plate-sample holder assembly is taken into a glove box operating under a nitrogen atmosphere, inverted, and bolted to a Peltier cooling plate whose surface is thermostated at -15 °C. The top sample holder is then removed, an insulating foam box is placed over the assembly to reduce the cooling load required of the chiller, and the hydrate columns are allowed to freeze for two hours. (c) The insulating box is removed and the wedge-shaped probe of a force transducer is propelled at 1 mm s -1 into the side of each cuvette at a height of 9.3 mm until the hydrate detaches from the test surface. The maximum force is recorded and converted into hydrate adhesion strength using the known cross-sectional area of the hydratesubstrate interface.
A photograph of the test apparatus is provided in Fig. 2(a) . Side view photographs of the base of the cuvettes were taken as the THF-water solution was subcooled during the hydrate freezing process to demonstrate the mechanism of hydrate formation ( Fig. 2(b) through Fig. 2(f) ). The hydrate forms on the surface (Fig. 2(c) ), which is at the lowest temperature, and grows into the solution ( 
Substrate selection and preparation
A library of test surfaces with varying chemistry was established in order to elucidate the influence of surface properties, such as wettability and surface energy, on adhesion strength.
These surfaces, ranging from hydrophilic to hydrophobic, include thiolated gold, silanetreated glass, and a blend of 80%/20% poly (ethyl methacrylate) (PEMA)/fluorodecyl polyhedral oligomericsilsesquioxane (fluorodecyl POSS) [26] spin coated onto steel. The substrate fabrication, cleaning, and storage protocols are provided in the supplemental materials. Surface energies of each of the test substrates were calculated using van Oss-
Chaudhury-Good (vOCG) analysis [27] from measured advancing and receding contact angles of up to 5 test fluids (described in the following section), Advancing and receding contact angles of DI water and surface energies calculated from advancing and receding contact angles of the test fluids are provided in Fig. 3 for each of the surfaces tested. Receding contact angles of several of the test fluids on 4-Mercapto-1-butanol were zero, thus its receding surface energy could not be determined precisely, and the plotted value represents its minimum receding surface energy.
Contact angle measurements
Contact angles of four polar fluids: DI water (18 MΩ-cm, Millipore), ethylene glycol (Alfa Aesar), formamide (Alfa Aesar), and a 19.1 wt.% mixture of THF (Alfa Aesar) in DI water, and two nonpolar fluids: 1-bromonaphthalene (Alfa Aesar) and diiodomethane (Alfa Aesar),
were measured on the test surfaces using a Ramé-Hart Model 500 Advanced Goniometer/Tensiometer. Advancing (θ adv ) and receding (θ rec ) angles were taken as an average of at least 8 measurements. 5 µl droplets were deposited at a volume addition/subtraction rate of 0.2 µl s -1 , yielding contact line velocities less than 1 mm min -1 .
The resulting capillary numbers (Ca = µV/γ ) were less than 10 -5 for all fluids tested, ensuring that the measured dynamic contact angles were essentially the same as contact angles obtained immediately after the contact line comes to a stop [28] [29] [30] [31] . Advancing and receding surface energies were computed using vOCG analysis [27] of the gathered advancing and receding contact angle data. The Lifshitz-van der Waals, Lewis acid, and Lewis base contributions, as well as the total solid phase surface energy (γ LW , γ + , γ − , and γ total respectively) are provided in Table 1 . Different values are obtained depending on whether advancing or receding values of test fluids are used in the vOCG analysis. Some receding surface energies could not be determined because non-zero receding contact angles of at least one nonpolar and two polar probe fluids were not always attained.
The surface tension, and therefore the contact angle, of the THF-water solution varies with time due to evaporation of THF from the solution. The variation of surface tension with time was measured using the pendant drop method [32] (Fig. S1 ). Based on these measurements, care was taken to measure advancing and receding contact angles of the THF-water solution before significant evaporation of THF from the solution could occur (see supplementary materials for details). 
Receding surface energies of steel, glass, and 4-mercapto-1-butanol could not be determined because non-zero receding contact angles of at least one nonpolar and two polar test fluids were not attained on these surfaces. The error in these surface energy data is on the order of 15%.
Surface roughness characterization
Surface texture plays an important role in adhesion and can often result in interlocking of the adhering materials, increasing adhesion strength. This was demonstrated recently in our studies of ice adhesion [33] , in which we observed an linear increase in adhesion strength with the Wenzel roughness, that is, the total surface area divided by the occluded area [34] . For the purpose of this study, we are interested in studying the effects of surface chemistry alone, and therefore focus on smooth surfaces. Surface profilometry was conducted to verify the smoothness of our test surfaces. A Tencor P-12 profilometer with a 2 µm radius stylus and a Zygo interferometer were used to measure the roughness of the steel discs and the 80%/20% PEMA/fluorodecyl POSS coated steel discs. Atomic force microscopy (AFM) was carried out on glass, gold, and some representative silanes and thiols using a VeecoDimension 3100 scanning probe microscope operating in the tapping mode. The Wenzel roughness is r < 1.06
for all surfaces tested. The measured roughness data are presented in Table S2 of the supplementary materials.
Results and discussion
Results of the adhesion tests for all test surfaces are provided in Table S3 However, to design surfaces for reduced adhesion, the key surface properties that affect adhesion must be determined.
The theory of brittle cohesive fracture published by Griffith in 1920 proposed that the cohesive strength of a brittle material, that is, the critical stress required to initiate cohesive fracture, is a function of the work of cohesion. [35] Griffith's fracture criterion was later extended to adhesive fracture with plastic deformation of the adhering materials, showing that adhesion strength is a function of the work of adhesion. [36] [37] [38] Accordingly, there is expected to be a correlation between the work of adhesion between two materials and their adhesion strength.
The work of adhesion between two smooth bodies is known to depend strongly on van der Waals (apolar), electron acceptor (Lewis acid), and electron donor (Lewis base) interactions [39] . The latter interactions are generally alluded to as polar interactions and arise primarily due to hydrogen bonding [ 40] , and are therefore especially important when considering polar materials such as water, ice, or hydrates. The sum of these interactions can be characterized by the thermodynamic work of adhesion, W a , which is a function of the Lifshitz van der Waals, Lewis acid, and Lewis base parameters of surface energy of the adhering materials, denoted by γ LW , γ + , and γ -respectively. The work of adhesion of a material A to a material B is given by [27] W
where the subscripts A and B denote the two adhering materials.
Note that the work of adhesion of material A to itself is simply the work of cohesion of material A, W A c . Then by reducing the right side of Eq. 1, with both subscripts denoting material A, we obtain,
where γ A total is the total surface energy of material A in equilibrium with its vapor. If one of the materials (A) in Eq. 1 is a liquid that exhibits a non-zero contact angle, θ AB , then the work of adhesion is also given by the Young-Dupré equation: [40] In order to apply a similar approach to predicting hydrate adhesion, we digress here and study ice and water as a model system to provide support for a probe fluid approach and to gain insights into the selection of an appropriate probe fluid for hydrates. As discussed previously, the adhesion strength of a material to a substrate is a function of its thermodynamic work of adhesion to that substrate. However, for studies of ice adhesion, the work of adhesion of liquid water on a selected substrate is correlated with the adhesion strength of ice on that same substrate. Here we hypothesize that the existence of this correlation is attributable to the similarity of the surface energy parameters of ice and liquid [42] Consequently, the work of adhesion of liquid water to most materials is approximately equal to that of ice according to Eq. 1. This near-equality is demonstrated by calculating the work of adhesion of liquid water and that of ice to the surfaces tested in this work. Using Eq. 1, the work of adhesion of ice is calculated using the surface energy parameters of ice listed above and the surface energy parameters calculated for each of the substrates using vOCG analysis ( Table 1) . The resulting values are plotted against the work of adhesion for water, determined from its advancing and receding contact angles on the test substrates (Fig. 4) . The strong linear correlation (R 2 = 0.98)
suggests that work of adhesion measurements for liquid water are a good approximation of the work of adhesion of ice. According to fracture mechanics theory, adhesion strength of ice is a function of the work of adhesion of ice. [36] [37] [38] Consistent with this theory and the nearequality between the works of adhesion of water and ice, the adhesion strength of ice should therefore correlate with the work of adhesion of liquid water. That is,
, where τ ice is the strength of ice adhesion, W ice a is the work of adhesion of ice, and W water a is the work of adhesion of liquid water. Different values for work of adhesion can be determined depending on the contact angle (advancing, receding, static), used in Eq. 3. Meuler et al [23] have concluded that ice adhesion strength correlates most strongly with the work of adhesion calculated from receding contact angle measurements, γ water (1 + cosθ rec ), that is, with the practical work of adhesion [43] for liquid water. 
Conclusions
We have demonstrated a reduction in adhesion strength of the THF hydrate by more than a factor of four on treated surfaces compared with bare steel. This reduction is achievable on surfaces characterized by low Lewis acid, Lewis base, and van der Waals interactions, such that the work of adhesion (Eq. 1) is minimized. The work of adhesion between two solid materials cannot be easily measured in practice, and is therefore not a practical tool for predicting adhesion strength. However, hydrate adhesion strength was correlated with the normalized practical work of adhesion of a suitable probe fluid with similar surface energy properties to those of the hydrate, which can therefore serve as simple and valuable tool for predicting hydrate adhesion strength and rapidly screening surface treatments or coatings for hydrate-phobicity.
Unlike THF hydrate, a liquid with identical chemistry to a gas hydrate is unstable, as the solubility of a hydrate-stabilizing gas in liquid water is much lower than its concentration in the hydrate phase. Thus, the surface energies of gas hydrates, such as methane hydrate, must be measured using vOCG analysis, and a liquid solution designed with commensurate surface energy properties (characterized using a "reverse vOCG" analysis). This solution can then serve as a probe fluid to predict the adhesion strengths of gas hydrates to various materials, providing a much simpler alternative to high pressure gas hydrate adhesion testing. This approach can therefore lead to rapid screening of potential hydrate-phobic surfaces, such as those with specific chemistry chosen to minimize polar and van der Waals interactions governing the work of adhesion.
The expected trend beyond the range of the data acquired (extrapolated with a dashed line in Fig. 5 ) suggests that further reductions in hydrate adhesion could be achieved by minimizing polar and nonpolar parameters of surface energy. Hydrate adhesion may be further reduced by tailoring nano-and microscale surface morphology and chemistry to prevent penetration of the hydrate into the texture (as we have seen with ice [33] ) such that the hydrate rests atop the texture features to reduce contact at the hydrate-substrate interface.
This approach has already been successful for reducing ice adhesion on superhydrophobic surfaces [45] [46] [47] [48] [49] [50] under conditions unfavorable to frost formation. Other approaches such as designing hybrid low/high surface energy morphologies that can spatially control nucleation [44, 45] (e.g. promote nucleation atop surface features) could be used to reduce hydrate adhesion under conditions favorable to desublimation or condensation.
The results of this work suggest possible extension of the probe fluid approach to predicting adhesion strength between many other materials: the practical work of adhesion of a material in its liquid state to a substrate could be used to estimate the adhesion strength of the same material in its solid state to a substrate. The approach to predicting adhesion strength and methods of controlling adhesion strength laid out in this paper could benefit many industrial applications such as de-icing, welding, composite materials, thin films and coatings, and salt scaling.
As the world's energy demands are rapidly increasing, there is a strong shift towards the expansion of deep-sea drilling. Cheaper and more effective methods of gas hydrate mitigation must be found in order for this movement to be economical and safe. The principles discussed in this paper provide a framework for the development of hydrate-phobic surfaces, which in turn provides a pathway to passive enhancement of flow assurance and prevention of catastrophic failures in deep-sea oil and gas operations.
